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By Joseph T. Hamrick and John Mizisin 

Surveys were made at the  exi t  of a radial-flow centrifugal  impeller 
t o  obtain instantaneous  values of velocity f r o m  blade t o  blade and at 
various  positions between the front and the  rear diffuser walls. Surveys 
were also made a t  several radial stations midway between the w a l l s  of the 
diffuser t o  observe the  radial  change in the flow pattern through  the 
vaneless  diffuser. A l l  surveys were made with a condxnt-temperatue 
hot-wire anemometer. 

0 

The survdys showed that there was a decrease in velocity  across  the 
passage ex i t  from the  driving  face to  the  t ra i l ing face of the  impeller 
blade. In general, t h i s  decrease was greater at the  front  diffuser w a l l  
than at the rear  dtffuser w a l l .  A t  midpassage height, the decrease wa8 

approximately 8 percent of the average velocity a t  a weight flow of 
16 pounds per second and approximately 16 percent a t  a weight flaw of 
32 pounds per second. There  were variations in th i s  general flow pattern 
from passage t o  passage, and for  the passage f r o m  revolution  to 
revolution, with turbulent  velocity  fluctuations ,of the order of 3 to 
5 percent imposed won the  general  pattern. This general flow pattern 
persisted  into  the  diffuser and was s t i l l  evident at a radius 23 percent 
greater  than that of the impeller. 

a 

INTRODUCTION 

Experimental results show (references 1 t o  3) that the loss distri- 
bution w i t h i n  a rotating  impeller passage is not uniform and that the air 
pazticles of low kinetic enerQy tend t o  accumulate along the blade trail- 
ing  face  with  the result tha t  the relative  exit   velocity a t  the   t ra i l ing  
face   i s  lower than that at the driving  face. The data in references 1 
t o  3 were obtained fo r  flow a t  average blade height. 

1 In an attempt t o  measure the variation in absolute  velocity  with 
respect  to time at a number of points between the hub and the shroud, a8 
well aa at the average blade height, hub-to-shroud  surveys were made at 
the NACA L e w i s  laboratory  with a  constant-temperature-type  hot-wire 
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memometer a t  the  impeller  exit. Surveys w e r e  also made in the  radial 
direction midway between the  front and the re- w a l l s  of a vaseless d i i -  
fuser in order t o  observe the change in  the flow picture during diffusion. Y 

s 

The results presented  herein are qualisative, and interpretation of 
the data was made in  light of the  results obtained w t t h  the  iaternal 
instrumentation  described in references 1 and 3. Although the  results 0 

h) 

are only  qualitative,  they do  show the problems that may be encountered 
'VI 

Q, 

in diffuser  design and give  increased insight into  the complex nature of 
the flow l eavhg  a centrifugal  impeller. 

A cutaway  view of the 48-inch-diameter impeller t e s t   r i g  and a cross- 
sectional view shmbg  the  hot-xire probe locations are presented i n  
figure 1. Except f o r  the  hot-wire anemometer setup,  the  apparatus and 
instrumentation  are  identfcalwith that of reference 1. 

A 0.0002-inch-diameter tungsten  wire 0.040 inch long with  a constant- 
temperature-type  hot-wire-anemmeter amplifier  (references 4 and 5) waa 
used to  obtain  the  aurvep. An oscilloscope  with a triggered sweep w a s  
used t o  observe the variation in  flow configuration. !!?he sweep could be 
adjusted t o  give  the  exit flow configuration for successive  revolutions 
of the irqpeller, for a given groug of successive  impeller  passages. Four 
of the   to ta l  of eighteen  passages were chosen. The traces were recorded 
on 35-millimeter film which was moved past  the  oscilloscope  screen at a 
constant  rate. The excitation  required t o  trigger  the sweep was furnished 
by a penaanent magnet tha t  was attached t o  the impeller  shaft end passed 
a stationary  coil. Hub-to-shroud surveys from the  rear  diffuser d l  t o  
the  front  -diffuser w a l l  were made 1/2 inch from the  exit  blade t i p  with 
the  wire  perpendicular to  the measured average flow direction  at  each 
survey position and lytng in a plane parallel t o  the rear diffuser wall. 
Surveys were also made at  the  exit   blade  t ip from 8 t o  5z inches radially 
outwardmidway between the  diffuser w a l l s  with  the  wire paral le l  t o  the 
axis of rotation. 5 e  surveys were taken at equivalent weight flows 
W 6 or 16, 26, and 32 pounds per second at an equivalent t i p  speed 
U/ J 8 of 700 feet  per second. ( A l l  synibols are  defined in the appen- 
dix.) The performance over a range of weight flows a t   t h i s   t i p   s p e e h i s  
,shown in figure 2 .  

b 

1 1 

Because of diffuculties encountered in obtaining  quantitative data 
with  the  hot-wire anemometer in this  application,  quantitative data are 
not  given  except as follows : The velocities  closest to the  driving and 
trail ing  faces of the  blades  near  the ex i t  88 measured internally  (ref- 
erence 1) were used t o  determine the approximate magnitude of the  absolute 
velocity i n  the  diffuser. It was  assumed that  the flow was parallel  t o  5 



n 
the  blades in  th i s   v ic in i ty  with  zero s l ip .  These values were used to  
give an approximate calibration for the traces a t  the midpassage height 
for  each  survey. Inasmuch as l i t t l e  or  no vaziation in  density across 
the passage occurred  near  the  exit  -for  the FnternaJ.  measurements, the 
variation shown by  the hot-wire anemometer were considered to be due to 
velocity  variation only. 

CD. 
Eo 
v) 

Eu 
Each survey was made without  replacing the probe or changing the 

instrument sett ings.  Therefore, f o r  m y  given figure in nhich the 
resul ts  of a survey are shown, the mass-flaw scale  represented  by  the 
amplitude is constant over the  survey range except for  Mhch nmiber 
effects . 

In order t o  prevent  excessive  noise signals due to 60 cycle pickup 
and high-frequency s i n u s o i W  signals which  were probably caused  by probe 
and w i r e  vibration from appearing an the  oscilloscope, a band-pass f i l ter  
having a lower cut-off  frequency of 60 cycles  per second and an upper 
cut-off  frequency of 7000 cycles  per second was used. The blade wake 
frequency w a s  loo0 cycles  per second. 

Typical  Bace 

Orientation. - A typical set of traces as photographed on the 
oscilloscope  screen is shown 011 figure 3. Each trace shows the  velocity 
profiles at the exits of four complete passages  with the  decrease in 
velocity going from the driving  face o f  one blade across the passage to 
the  trail ing  face of the preceding  blade. The straight,   ahmst  vertical ,  ' 
portions of the  traces show the jump i n  velocity from the  t ra i l ing  face 
to the  driving  face of the blade. The three  traces  represent  the same 
four passages for  succeeding revolutions of the  impeller. The over-all 
slope of each trace is the result  of a combination of film movement and 
sweep velocity. The slight variation in slope is due t o  the uneven 
sweep velocity of the  oscllloscope. The base  slope l i ne  was obtained 
for  the succeeding figures by attenuating the amplitude and photographing 
the sweep. 

Flow variation. - These traces indicate that v m i a t i m s   i n  the flow 
patterns may be expected. from passage t o  passage and f o r  a given  passage 
from revolution-to-revolution. Further evidence of the  variations from 
passage to passage is  given in figures 4 t o  6. There are roughly  three 
components of variation; a general  decrease in velocity  across  the pas- 

impeller, a V-shaped wake  shown by  the straight, almost vertical   l ines 
at the blade exit, and turbulent fluctuations imposed upon the  general 

c sage from blade t o  blade  because of uneven loss distribution w i t h i n  the 

a pattern. In subeqpent  discussions, any reference t o  decrease in 
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velocity  across  the passage from 
decrease and not far that in the 
t ion in velocity from m a x i m u m  t o  

n 

blade t o  blade w F l l  be f o r  the  general 
blade wake. The magnitude of the  varia- 
m i n i m u m  in figure 3 is of the  order of -4 

45 fee t  per second, which is about 7 percent af the  absolute  velocity. 

From comparison of the  velocity  profiles  with  the Fnternal data, it 
appears that  the minimum point of the wake represents a velocity  very 
nearly  equal to  the  impeller  t ip speed. This drop i n  a i r   veloci ty  in the 
w a k e  t o   t h a t  of the  impeller t i p  at the  exit  can be more easily observed 
on traces  recorded at   the  higher weight flaws i n  which the wake is more 
nearly symmetrical  about the  blade t i p   ( f i g .   5 (b ) ,  f o r  example). For 
low w e i g h t  flows, the dzop in  velocity between blades t o  a value below 
tha t  of the  impeller t i p  is due to a conibination of low relative  velocity 
and s l ip   fac tor   ( f ig .  4(f), for  example). 

The tangential  velocity is larer than  the t i p  speed by virtue of the 
fac t   tha t   the   s l ip   fac tor  is less  than 1. A t  low weight flows, where the 
radial component is low, the  absolute component drops below the wheel 
speed. . " 

Hub-Shroud Surveys 

General obsemations. - The change in the  velocity-profile shape 
from blade t o  blade from the  rear  diffuser w a l l  t o  the front  diffuser wall 

8 

is sham in figures 4 t o  6 f o r  equivalent weight flows of 16, 26, and 32 
pounds per second, respectively. 

A t  midpaasage height (D = 0.5), the  decrease i n  velocity from the 
driving  face t o  trailFng  face across the passage increases from approxi- 
mately 8 percent of the average velocity  at  a,weight flow of 16 pounds 
per second t o  approximately 16 percent a t  a weight flaw of 32 pounds per 
second. Except for  the 16-pound-per-second weight flow, the  decrease 
became  more severe in going f r w  the  rem  to . the.f lpnt   dif fuser  wall; 
the flaw became extremely  turbulent in the vicinity of the  front  diffuser 
wall for  d l  weight flows. That sizeable  losses  are  associated  with  the 
flaw along the  stationary shroud and 'the front diffuser w a l l  has been 
indicated  by  total-pressure  surveys at the ex i t  of several experimental 
impellers as well a8 a t  the  exit of the  impeller used in  this inveetiga- 
tion. These losses may be caused by boundary-layer separation and clear- 
ance losses. The low-energy a i r  produced by these  losses may in turn  be 
shifted  ta  the  trail ing-face  side of the passage through secondary-flow 
effects.  

Boundary layer. - With the  large  decelerations which occur i n  impel- 
l e r s  designed for considerable  diffusion  withln  the impeller passage, 
boundary-layer build-up may  become a major source of loss, especially 
along the  trail ing face of the blade. The deceleration  rate aZong the t 

. 8  
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4 t ra i l ing  face near  the  impeller  entrance  increases  with  decreasing w e i g h t  
flow Fn t h i s  compressor as sham by the  internal  data of reference 3 and 
may have been responsible for large  bmdary-layer  losses a t  a weight 
flow of 16 pounds per second. For air weight flows of  26 and 32 pounds . 
per second, the  decrease in velocity  across  the passage, which is caused 
by  Fnternal  losses along the   t ra i l ing  face of the  blade as shown by the 

u) 

Eu 

W traces, is relatively  sl ight at D = 0.07 and increases a t   l a g e r  values 
u) of D. However, a t  a weight flow of 16 pounds per second the  decrease 

is evident  across  the  entire passage height. 

Clearance losses. - Although the  velocity  usually drops off frm the 
driving t o  the  trail ing  face across the passage at the exit, it is gen- 
eral ly  lower on the  driving  face of the  blade  than on .the trailing face 
because of blade loading in regions  other  than  near  the  exit. The h i e e r  
pressure on the  driving  face causes spillage of t h i s  low-velocity high- 
pressure a i r  through the clearance space t o  the trailing-face  side in to  
the  region of lower static  pressure. The introduction of the lower- 
velocity  particles reduces the  velocity in the  region of the  t ra i l fng 
face. An increase fn velocity of the  particles from the  driving  face may 
be expected  because of the  emamion of the air into a region of lmer 
pressure. However, the  increase is  in the  direction of the expansion 
which is generally  transverse  to  the through-flaw direction. As a resul t ,  
the  increase Tn velocity  serves mainly t o  increase  thetmixing  losses. 
Reduction of the  trail ing-f ace  velocity in th is  manner w o u l d  produce the 
greater  decrease  near  the shroud as sham in figures 4 t o  6. 

2 

4 

Secondary flows. - Movement of low-velocity air to the  trail ing face 
may also resu l t  from secondary circulation.  Apoasible  explanation is 
as follows : In figure 7( a) is shown a part ic le  on a radial streamline 
with the forces which act  when there Fs no movement normal to the stream- 
l ine;  if the  velocity should be reduced with the  pressure  gradient dp/dn 
remaining constant,  the  particle would move t o w a r d  the trailing-face  side 
of the  passage. It was found experimentally  (reference 1) that there was 
l i t t l e  or  no variation in static  pressure from hul, t o  shroud within  the 
impeller  for a given radial  position. Hub-to-shroud velocity surveys at 
the  diffuser  entrance showed a pattern similar t o   t ha t  of figure 7(b). 
If this velocity  pattern exists within  the  impeller  passage  with no 
variation in static  pressure from hub t o  shroud, the f lu id  w i l l  move in 
the  direction shown Fn figure 7(c).  With the movement  of low-velocity 
particles from the  driving to the t ra i l ing  face along the shroud, the 
decrease in velocity shown by figures 4 t o  6 w a u l d  result. 

Velocity  fluctuations. - The traces  presented fn figures 4 t o  6 were 
selected  for each survey position from a large number of traces at tha t  

i t y  decrease from driving-to-trailing  face in  each  case w a s  very near 
the average and the imposed fluctuations followed no general  pattern. 

P position. The traces  selected were considered  typical in that  the veloc- 

- These imposed fluctuations .show the  highly  turbulent  nature of the flow 
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at the  exit .  The extremely large  fluctuations  near  the  front  diffuser 
w a l l  probably were caused by the blade-to-shroud  clearance. Except i n  
the  vicinity of the  front  diffuser wall, the  fluctuations were of the 
order of 3 t o  5 percent of the  average  velocity. 

Rapid variations i n  over-all flow which m i g h t  occur as the  passage 
passes  the  hot wire cannot be distinguished fram those due to  turbulent 
fluctuations. However, hot-wire surveys jus t  upstream of the  impeller 
entrance where turbulence was negligible showed no rapid variation In 
over-all flow except at the  surge weight flow of 14 pounds per second. 

R a d i a l  Surveys 

General observations. - There is generally a substantial  decrease i n  
measured t o t a l  pressure from the immediate ex i t  of an impeller t o  a dis- 
tance downstream i n  the diffuser approximately  one-half  the  impeller 
radius (reference 6 ) .  This drop in t o t a l  pressure I s  probably due t o  the 
mixing losses which arise from the large  decrease in  velocity across the 
blade t i p  from the driving t o  the t ra i l ing  face of the blade and the 
imposed fluctuations. In addition, a total-pressure probe gives a higher 
than average t o t a l  pressure i n  a fluctuating stream which  would account, 
in par t ,   fo r  a high- indicated  pressure  near  the  irnpeller  exit. 

. 

Radial-flow changes. - Surveys were made in  the radial  direction t o  
observe the change in the flow picture  during  diffusion. The resul ts  of 
the  surveys are  s h m  in figures 8 t o  10. The diatance fram the impeller 
t i p  is given in terms of R, the   ra t io  of the radius at the  survey  point 
to  the  Impeller-exit radius. The variations  persist over the  entire 
survey  range for all weight flaws. A t  the final survey station (R = 1.23), 
the  mass-flow variations diminished t o  around 75, 40, and 60 percent of . -  
the  original value. at. weight flows of 16, 26, and 32 pounds per second, 
respectively. The low value for  the 26-pound-per-second w e i g h t  flow is 
i n  agreement with  the higher measured efficiency s h m  fo r   t h i s  weight 
flow i n  figure 2. 

. -  

DifSuser problem. - The mixing losses caused by the impeller take 
place  in  the  diffuser. The evaluation of a diffuser as par t  of a com- 
posite compressor unit is therefore very di f f icu l t .  G n  the  other hand, 
evaluation- as a separate component may be misleading. For example, if 
the flow leaving an Impeller follows a corkscrew path  because of secondary 
flow, it may be possible .to design a vaned diffuser in such a manner a6 
t o  eliminate the corkscrew motion by inducing  secondary flow in  the 
opposite  direction. AB a n o t h e r . e x q l e ,  a vaneless  diffuser  designed t o  
turn  the flow in the  meridional  plane may be highly  efficient as a sepa- 
rate component,  whereas the  variation ~IJ velocity i n  the tangential 
direction may cause prohibitive secondary flow losses when the  diffuser 
is placed a t  the exi t  of an  Impeller.. With these  conditfons, i t  m y  
be desirable  to  investigate  diffusers of varying  design by evaluating 
their   re la t ive performances w i t h  a given  impeller. 
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* Surveys were d e  at   the   exi t  of a radial-flow  centrifugal impeller 
t o  obtain  instantaneous  values of velocity from blade t o  blade apd hub t o  
shroud. Surveys were also made in the radial direction midway between the 
walls of the  diffuser t o  observe the change in the flow pattern during 
diffusion. A l l  surveya were made with a constant-temperature  hot-wire 
anemometer, and the following results were obtained: 

N 
m cn 
0, 1. There was a decrease in velocity  across  the passage exft  from the 

driving  face  to the trailing face of the blade. In general, this decrease 
was greater a t  the  front  diffuser w-aU than at the  rear  diffuser wall. 
A t  midpassage height, the  decrease was about 8 percent of the average 
veloci ty   a t  8. w e i g h t  f low of 16 pounds per second and approxhately 
16 percent a t  a w e i g h t  f low of 32 pounds per second. 

2.  Turbulent velocity  fluctuations of the order of 3 t o  5 percent 
were  imposed q o n  the  general through flow. 

3. There  were variations in  the flow patterns from passage t o  passage, 
.) and for  the same passage from revolution t o  revolution. 

4. Very large and incoherent fluctuations in  velocity occurred along 
* the  front  diffuser wall; these were probably  caused  by the blade-to-shroud 

clearance. 

5. The general flow pattern w a s  still evident at the  f inal  radial- 
survey station which was at a radius 23 percent wester than tha t  of the 
impeller;  the mass-flow variations hati diminished t o  around 75, 40, and 
60 percent of the  original  value a t  w e i g h t  flows of 16, 26, and 32 pounds 
per second, respectively. 

Lewis Flight Propulsion Laboratory 

Cleveland, Ohio 
National Advisory Committee fo r  Aeronautics 
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APPJWDIX - SYMBOLS 

The following symbols are  used in th i s  report: 

r a t io  of d t o  

distance from rear  diffuser w a l l  ( f ig .  l (b)  ) 

total  distance from front  diffuser w a l l  t o  rear diffuser w a l l  at 
survey s ta t ion  ' ( f ig .   l (b))  

distance along normal, t o  streamline ( f i g  . 7) 

static  pressure 

velocity  relative to Impeller 

r a t io  of radius a t  survey point t o  impeller-exit  radius 

radius at survey point,  (fig. l (b)  ) 

impeller-tip speed, ft/sec 

to t a l  compressor weight flow, lb/6eC 

ra t io  of total  pressure at entrance t o  standard  sea-level  pressure 

r a t io  of inlet  stagnation  tagperatme  to  standard  sea-level temper- 
ature 

mass density, lb/( sec') ( f t4)  

angular velocity of impeller,  radians/sec 
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(a) Cutsway view. 

Figure 1. - 48-Inch impeller b e t  rfg. 
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Figure 1. - Concluded. 48-Inch impel le r  
t e s t  rig. 
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(a) D, 0.07. 

(e) D, 0.64.  

( f )  D, 0 .79 .  

(b) D, 0.21. .. - 

( 9 )  D, 0.93. 

(a) D, 0.36. 

(a) D, 0.5. (h) D, 0.96. 

Figure 4. - Hub-to-shroud survey with velocity variation acr~ss blade passage at 
e A t  (fcur passages). EQUiValent w e i g h t - f l o w ,  16 pounds per seocmd: ~riving- 

refer to successive pasages.) 
to-trailing faae aaros~ passage is in direation of rotation W .  (Numbers 
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(a) D, 0.07. (e) D, 0.64. 

jb) D, 0.21. 

. 

( c )  D, 0.36. 

(a) D, 0.50 .  (h) D, 0.96. 

W - 
Figure 5. - Hub-to-shroud survey with velocity  variation acroaa blade pasaage 

a t   e x i t  (four passages). Equivalent weight flm, 26 pounds per second. 
Driving-to-trailing face acrcaa passage is in direction of rotatiun w .  
(Numbers refer to sucoessive passages.) 
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( 0 )  D, 0.36. 

(e)  D, 0.62 .  

(h) D, 0.96. 

Figure 6. - Hub-to-shrcud survey uith velocity varlatlon across blade passage 
at exlt (four passages]. EquiValent weight  flm. 32 pounds per second. 
h iv lng - to - t za i l i ng  faoe aaroas passage is  i n  direction of rotation W .  
(Wumbera refer t o  suaaessive passages.) 
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t Axis of rotation - - " - 

(a) IrgpeUer passage. (b) Hub -shroud profile . 

Driving  face Shroud7 

01) 
- E d  - + T y  

(c) Passage cross  section. 

Figure 7- - Secondary flows in rotating passage. 
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. . .  

(a) R, 1.005. 

(b) R, 1.D3. 

( c )  R,  1.07. 

. 

( e )  R. 1 .16 .  
- 

Figure 8. - Radial  survex in diffuser w i t h  v e l o c i t y   v a r l a t l m  across rcur passages. Equivalent 
weight  flow, 18 pmnde per eecmd. Dr iv ing- to - tra i l ing  face a c r w a  paasage I s  i n  d i ~ e c t i o n  
of rotation w. (Numbers refer ta succeas ive  passages.) 
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[ a )  R, 1.005. 

(b) R, 1.03. 

(d) R, 1.11. 

Figure 9 .  - Radial survey in diffuser  with  velooity  variation aoruss fcur passages. Equivalent weight 
flow, 26 p m d s  per B&cOnd. Driving-to-trailing face acrws paasage I s  i n  dlrectfcu of rotation w. 
(Numbera refer to successive passages.) 
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